The continuous technological progress of magnetic resonance imaging (MRI), as well as its widespread clinical use as a highly sensitive tool in diagnostics and advanced brain research, has brought a high demand for the development of magnetic resonance (MR)-compatible robotic/mechatronic systems. Revolutionary robots guided by real-time three-dimensional (3-D)-MRI allow reliable and precise minimally invasive interventions with relatively short recovery times. Dedicated robotic interfaces used in conjunction with fMRI allow neuroscientists to investigate the brain mechanisms of manipulation and motor learning, as well as to improve rehabilitation therapies. This paper gives an overview of the motivation, advantages, technical challenges, and existing prototypes for MRcompatible robotic/mechatronic devices. 
INTRODUCTION
Magnetic resonance imaging (MRI) is one of the most versatile modalities in modern diagnostic medicine and an indispensable tool in a wide range of clinical and basic science research. Among the emerging biomedical engineering areas of current development in MRI are the performance of image-guided interventions (IGI), the mapping of brain activity in neuroscience studies, and the monitoring of the progress of rehabilitation therapies (1) (2) (3) (4) (5) (6) (7) . Within the field of interventional MRI, a new direction is the use of remotely actuated and controlled devices to assist in the performance of interventions (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . The use of MRI in IGI, neuroscience studies, and monitoring of rehabilitation procedures shares common benefits and challenges, both originating from the inherent properties of this modality. The MRI scanner employs extreme magnetic fields, rapidly changing magnetic field gradients, and radiofrequency pulses. As a result, the commonly used robotic and mechatronic systems are not suitable for MRI applications, resulting in a need for a new generation of devices: the MR-compatible systems.
Advantages of MRI in Image-Guided Interventions
The gold standard modalities in interventional medicine are the X-ray-based fluoroscopy and computer tomography (CT) and ultrasound. Compared with those modalities, MRI provides several benefits that make it attractive for guiding interventions. First, MRI offers a plethora of soft-tissue contrast mechanisms that allow the assessment of both anatomical morphology and function. Among the morphology methods is the high-quality magnetic resonance angiography (MRA) using exogenous MR contrast agents or even the tissue water as an endogenous contrast agent. Regarding function, the modality offers methods such as the assessment of tissue perfusion and blood oxygen level-dependent (BOLD) (26, 27) and water tissue diffusion (28, 29) . As a result, MRI provides the methods for a comprehensive diagnosis and characterization of tissue pathophysiology, as well as the delineation of targets for biopsies and therapeutic interventions. In addition, contrast mechanisms, such as MR perfusion and thermometry, allow for monitoring the effects of procedures, such as thermal and cryo-ablations (e.g., [30] [31] [32] [33] [34] . Second, MRI is an intrinsically three-dimensional (3-D) modality that allows unrestricted selection of oblique 3-D or multislice imaging. Such capability may better suit the visualization of a procedure, without constraints or the need to manually reposition the patient or the imaging instrument as in the case of X-ray fluoroscopy. Recent technological advancements in modern MR scanners allow the dynamic "on-the-fly" adjustment of the imaging planes and volumes, a capability that has been exploited in interventional MRI (35) (36) (37) (38) (39) (40) . This feature can be used to dynamically follow the movement of a MR-compatible interventional robotic device, thereby allowing a freehand dynamic guidance and control of the procedure, in a similar way with handheld ultrasound (11) . Third, MRI does not use ionizing radiation and therefore is safer for the patient and medical staff. Another feature of MRI is that the quality of images is independent of the expertise of the operator, as is the case of ultrasound. In principle, MRI provides the means for single-modality and single-session-based procedures that integrate (a) diagnosis for identification of tissue pathophysiology and delineation of the targeted lesion; (b) guidance of the appropriate intervention, including positioning the tool and monitoring tissue-properties altering procedures, such as thermal ablations; and (c) assessment of the results of the interventional procedure. In view of the above benefits offered by MRI, major effort is devoted to the development and assessment of its clinical potential and merit in guiding interventional procedures (1) (2) (3) (4) (41) (42) (43) .
Advantages of MRI/fMRI in Neuroscience and Rehabilitation Therapies
The recent discovery that MRI can be used to map changes in brain hemodynamics that correspond to mental operations extends traditional anatomical imaging to include maps of human brain function. A new technique called functional magnetic resonance imaging (fMRI) allows observation of the structures and determination of which structures participate in specific functions. This technique provides several benefits that make it an attractive tool in neuroscience and the investigation of the neurobiological changes occurring during rehabilitation therapy. First, fMRI can measure the brain anatomy and blood flow simultaneously. The most commonly used fMRI technique measures brain activation over the BOLD effect. BOLD imaging relies on sensitivity to changes in oxygen levels within the circulating blood. These changes presumably reflect changes in neural activity that are accompanied by changes in blood flow. fMRI has particular spatial and temporal advantages over other imaging modalities. fMRI offers imaging with temporal resolution on the order of seconds. The spatial resolution of BOLD and other fMRI methods is typically 1-4 mm, which is better than most functional imaging methods, such as positron emission tomography (PET) and single photon emission computerized tomography (SPECT) (44) . Second, fMRI can record brain signals noninvasively and without risks of radiation inherent in other scanning methods, such as CT scans. Also, the signal does not require injections of radioactive isotopes, such as PET. Noninvasiveness and relative safety of the technique allow repeated studies to be carried out within a given subject so that important questions, such as the ability of the brain to adapt with time, can be addressed (45) . In studies of how a motor skill is learned, for example, fMRI follows the way the brain changes functionally over time, contributing to an understanding of which brain circuits are involved in developing the skills (46) . This approach has been used to investigate both how healthy subjects learn new complex tasks (47) and also to understand how people with initially disabling neurological disease, such as a stroke, improve functionally over time (48) . The clinical relevance of fMRI also has been strengthened by recent experiments that have explored the neurobiological basis of specific rehabilitation strategies associated with the recovery of function (49) . Third, BOLD fMRI is a relative technique in that it must compare images taken during one state with another (or a control condition) to create a meaningful picture. As images are acquired very rapidly, one can acquire enough images to measure the relative differences between two states to perform a statistical analysis within a single individual. BOLD-fMRI paradigms generally have several periods of rest alternating with several periods of activation. Images are then compared over the entire activation with the rest periods. Therefore, one can make statistical statements in comparing different states within an individual in a single session.
Motivation for MR-Compatible Interventional Robotic Systems
Despite the aforementioned advantages, MRI presents an important impediment in the practice of IGI: limited access to the patient. Patient accessibility depends on the particular design of the employed magnet. The open-type scanners offer the best access to the patient. With a vertical arrangement of the magnet poles, these systems offer sideways or all-around accessibility to the patient, even though the vertical distance between the poles is in the range of 40 to 45 cm. However, their low magnetic fields, in the range of 0.02-0.7 Tesla, result in a lower available signal and slower speeds of image acquisition (a new commercial open system is a 1.0 Tesla). Although it is not commercially available anymore, a special 0.5 Tesla MR scanner known as double-donut or split bore offers a vertical 50-cm-wide gap in between two facing superconductive magnets for direct access to the patient. The most widely used, the cylindrical scanners are based on superconductive magnets that have a horizontal bore with typical diameters of 60 cm and lengths 1.20 to 2.0 m (a new commercial system offers 70 cm). Although access to the patient through the openings of the gantry is exceptionally limited, these scanners use magnetic field strengths of 1.0 to 3.0 Tesla, offering the best available signal and magnetic field homogeneity.
The current practice of performing MR-guided procedures with cylindrical scanners entails removing the patient from the scanner and using preoperative MRI roadmaps and fudicial markers for aiming the tool. This approach does not use realtime imaging for guidance, and as a result has certain drawbacks. First, the approach to the targeted lesion may not be accurate because as the interventional tool advances it dislocates the tissue depending on the material properties of the tissue and the speed of advancement (1, 16, (20) (21) (22) (23) . This alters the local anatomy and position of the target and the surrounding tissue, making these roadmaps "obsolete." In addition to suboptimal accuracy, for example, when sampling tissue from small lesions, this approach may also induce undesirable trauma on healthy tissue or hemorrhage. Second, the practice may require longer procedures and induce additional discomfort to the patient. Specifically, after the insertion of the interventional tool using the preoperative roadmaps, the patient should be reinserted into the MRI scanner and imaged to validate the accurate placement of the tool. Subsequently, the patient is removed either to complete the procedure (if the placement is correct) or to adjust the position of the tool by appropriate maneuvering, which may include its removal and reinsertion. This procedure may need to be repeated more than once, resulting in increased duration and cost of the procedure, surgical trauma, and chances for complications (4).
Access to the patient is not a problem with X-ray fluoroscopy and ultrasound, which allow real-time guidance. To address this critical limitation of MRI and facilitate real-time guidance of IGI, remotely actuated and controlled MR-compatible manipulators have been introduced (8-10, 12-18, 20-25) . With these devices, the entire or part of a procedure, such as the alignment of the tool with the desired insertion path, can be performed while the patient remains inside the MR scanner. This provides real-time visualization of the procedures and, therefore, allows improved targeting while capitalizing on the improved contrast offered by the modality. Beyond addressing the patient accessibility, manipulators offer general benefits such as steadiness and accuracy (13, 15, 21, 43, 50, 51) . Currently, several examples of MRcompatible interventional robotic systems have been presented for brain biopsies (18) , breast interventions (14, 17, 52) , endoscope manipulation (15) , prostate procedures (9, 22, 23) , and general purpose systems for use with standard cylindrical MR scanners (13, 53) .
Motivation for MR-Compatible Robotic Rehabilitation Systems
High-spatial-resolution images of neural activity in a noninvasive manner in fMRI make it possible to study cortical reorganization throughout the recovery process of patients with stroke, traumatic brain injury, and other neurological disorders. In the field of human motor control, data on brain activation have confirmed and extended the findings of previous electrophysiological studies in animals and patients who underwent neurological surgery (54, 55) . In recent years, the use of fMRI to explore brain plasticity following neurological injury has continued to rise (56 (49) , sequential finger tapping with opposition (57) , and tracking a sine wave with the finger (62, 63) . Unfortunately these tasks may not provide optimally controlled studies within subjects whose motor function is changing over the time of repeated tests or across subjects because normalization and repeatability of each task in terms of speed, kinematics, forces, etc., are especially difficult to accomplish in impaired subjects. Additionally, in most cases fMRI studies require MR-compatible devices to record and/or generate limb movements and forces. One way to address these shortcomings is to utilize robotic/mechatronic interfaces capable of producing computer-controlled dynamics during movement. These devices allow (a) the standardization of study condition, (b) the quantification of behavioral outcomes, and (c) the simulation of movements and setups used in specific clinical training routines (64) .
fMRI is commonly performed using gradient echo-echo planar imaging (GE-EPI) sequences, which are even more sensitive than anatomical MRI sequences as they measure heterogeneities of the magnetic field. Heterogeneities of the magnetic field created by the presence of a mechatronic device lead to time-varying image distortion and signal loss and can be falsely associated with neural activation. Additionally, the fast switching gradients and high static magnetic field required for functional imaging increase electromagnetic compatibility constraints. It should be considered, when interacting with human subjects during functional imaging, that there is a limited space within the scanner bore (typical diameter of 60 cm) and the subject must be comfortable with the mechatronic device while performing the task. In addition, using the device should not create any movement artifacts. Despite all these difficulties and challenges, several MR-compatible robotic/mechatronic interfaces for use in fMRI studies have been introduced in the past few years. These devices that enable neurologists to investigate motor performance and the mechanisms of neural recovery following neurological injuries, such as stroke, can be distinguished in three types: (a) manipulandums with actuators (65-67), (b) force or/and motion sensing systems (68) (69) (70) (71) , and (c) tactile stimulators (72) (73) (74) .
THE MRI TECHNOLOGY

MR-Scanners, MR-Safety, and MR-Compatibility
The development and use of MR-compatible devices are very challenging tasks owing to the nature of the modality, which uses high magnetic fields, fast-switching magnetic field gradients, and radiofrequency pulses, as well as being very sensitive to external noise. The MR scanner uses a strong static magnetic field to polarize the nuclear spins of the observed nuclei; the higher the magnetic field, the higher the polarization of the spins, thus, the higher the available MR signal. As discussed previously, standard clinical MR scanners use magnetic field strengths as high as 3.0 Tesla. During the past 15 years, to further improve signal-to-noise ratio (SNR) and better elucidate and explore contrast mechanisms, the trend has been toward even higher magnetic fields, and we have witnessed the introduction of human systems for investigational purposes at 7.0 Tesla (75) and recently as high as 9.4 Tesla and beyond. These strong magnetic fields result in extremely hazardous conditions: High forces can be exerted on ferrous apparatuses and interventional tools, making them harmful projectiles for the patient, medical personnel, and the instruments (76) (77) (78) . Beyond being hazardous, ferromagnetic materials inside the MR scanner also affect the homogeneity of the main magnetic field, resulting in substantial loss of the signal. Susceptibility artifacts can also be induced by paramagnetic materials when their susceptibility is different from that of the tissue. In addition to the static main magnetic field, the MR scanner uses rapidly varying magnetic field gradients for spatial encoding during the imaging sequence. These gradient magnetic fields can induce electrical fields and currents (eddy-currents) inside conductive materials. These eddy-currents may alter the local homogeneity of the main magnetic field and severely affect the quality and linearity of MR images (78) (79) (80) (81) (82) . Moreover, the MR scanners apply radiofrequency (RF) pulses to excite and manipulate the polarized spins for the collection of the MR signal. These RF pulses, as well as the magnetic field gradients, can heat interventional tools that contain conductive elements, such as needles or catheters, and become an additional risk to the patient.
MRI is very sensitive to electromagnetic noise; to prevent deterioration of the image SNR, the entire scanner rooms are highly shielded Faraday cages. Such electromagnetic noise may originate from electronic equipment needed for the operation of mechatronic devices when they reside inside the MR scanner room. Even wires that pass from the outside to the inside of the scanner room can create problems because wires act as antennas that radiate electric noise. These environmental conditions require the careful selection of construction materials, actuation assemblies, sensors, and shielding of electronics.
The literature agrees, in general terms, about the definitions of MR safety and compatibility of an object or device (e.g., 10, 17, 25, [76] [77] [78] [82] [83] [84] . A device is MR safe inside the MR environment when it does not present any additional risk to the patient. The MRI environment includes the space inside and outside the gantry of the scanner. This definition of MR safety does not refer to any potential effects of the device on the MR images, i.e., a MR-safe device may affect the quality of the images. The effect of the device on the MR images is included in the definition of its MR compatibility. A device is MR compatible when, in addition to being MR safe, its presence and/or operation does not significantly affect the quality of the MR images and, inversely, its operation is not affected by the MR scanner. Reviews of the MRIrelated safety issues can be found in References 76-78, 81-83. Of course, the relevance of MR-compatibility and safety is not only limited to mechatronic systems but extends to any device exposed to the MRI environment. For example, electronic devices used in the MRI environment should be immune to the static magnetic field, the gradients, and the radiofrequency pulses of the scanner to avoid possible malfunctions, such as induced activations, deactivations, and damage. Examples of such devices pertinent to the patient safety are implantable cardiac pacemakers and drug infusion pumps (85) . The MR compatibility of mechatronic devices was examined in Reference 86, and certain types of materials and devices were experimentally evaluated. When an object or device is characterized as MR safe or MR compatible, the exact conditions under which testing took place need to be clearly stated. It is likely that different behavior may be exhibited under more extreme MR conditions, different types of scanners, etc.
MR-Compatible Materials
Materials most often used in the construction of conventional robotic and mechatronic systems are ferromagnetic (e.g., carbon steel) because of their desirable mechanical properties, such as strength, rigidity, and machinability. However, these materials are, in general, not suitable for the construction of MR-compatible devices. Ferromagnetic materials are subject to strong magnetic forces and can become potentially dangerous projectiles if they are placed close to the MR scanner without being securely attached to a fixed structure. Another source of MR-incompatibility is the generation of eddy-currents inside conductive materials, such as aluminum, which may cause image artifacts. Eddy-currents may also cause unwanted heating of the materials, resulting in burns (81, 87) .
Materials suitable for MR-compatible devices are nonmagnetic and nonconductive. Combinations of plastic, ceramic, fiberglass, carbon fiber, and other composites have been extensively used for the development of MR-compatible systems. A main drawback associated with many of these materials is their limited structural stiffness, which can have a negative effect on the manipulability and accuracy of robotic and mechatronic devices. In many robotic/mechatronic systems developed for MRI applications, a limited number of metallic parts (such as aluminum, copper, and stainless steel) have often been incorporated into the otherwise MR-compatible structures (e.g., 14, 18, 23) . MR compatibility studies have demonstrated that small parts, such as screws, bearings, and gears, made of MR-incompatible materials do not present substantial problems or image artifacts as long as they are of small size and appropriately positioned relative to the imaged area. A comprehensive review of the MR compatibility of materials was presented by Schenck (88) along with many pertinent references. Evaluating the available construction materials and the developed MR compatible robotic systems, we observe that a combination of different materials is most likely to be used for the construction of a system depending on the structural needs and the proximity to the area of imaging.
MR-Compatible Actuators
The MR-compatible interventional systems require appropriate forms of actuation. The commonly used electromagnetic actuators are, in general, not compatible with the MRI environment owing to their principle of operation. Therefore, alternative types of actuation have been considered and novel ones have been proposed for MR compatible applications. Manual actuation is the simplest choice and an example of such actuation is an interventional device designed to assist in prostate-related procedures (16, 23) . Another possible option is hydraulic actuation given the appropriate selection of hydraulic fluid and components (power generators, accumulators, hydraulic cylinders, valves, etc.). Hydraulic power can be transferred through hoses and produce large forces at distant locations. This form of actuation was used on a six-degree-of-freedom (DOF) manipulator presented by Kim et al. (89) for use in minimally invasive liver surgery performed inside open MR scanners. Ultrasonic motors were used for generating the hydraulic power and the associated unit was kept at a distance from the MR scanner to address compatibility issues. Sterilized saline was used for the transmission of power to the hydraulic cylinders. The main problems reported relevant to that form of actuation were leakages of fluid as well as entrance of air bubbles into the pressurized system. Furthermore, a study by Moser et al. (90) investigated the use of a hydraulic master-slave system for MRI related applications focusing on the dynamics of the system.
Pneumatics is another form of actuation used with MR devices that eliminates problems associated with hydraulic systems. Pneumatic systems are cleaner and operate at higher speeds compared with hydraulic systems. However, they are suitable only for relatively low-force applications and have limited stiffness owing to the compressibility of the air. Recently, a highly efficient and controllable pneumatic motor called PneuStep (91, 92) was introduced that is suitable for MR applications.
PneuStep uses a stepper motor principle to achieve precise motion on the order of 0.050 mm, is simple in design and construction, and its operation is safe and fully MR compatible (Figure 1 ). This new motor uses pneumatics for actuation and optics for encoding, which are both decoupled from electromagnetism. The motor was successfully tested in MR scanners of up to 7 Tesla without imager interference, artifacts, or loss of motion accuracy. Pneumatic actuators are also used with one of the currently Another type of actuation that has been used in MR devices is electromagnetic actuation that utilizes the large static magnetic field of the MR scanner (64) . Applying currents to coils inside the magnetic field of the MR scanner induces Lorentz forces that can serve to generate loads and movements. To generate larger forces, either higher currents, which affect the MR images, or larger coil diameters, which make the device bulky and inconvenient to use, are necessary.
With most of the systems developed so far, the favorite actuators have been the ultrasonic, piezoelectric motors (USM) (8, 14, 15, 18, 25, 53) (Figure 1) . Their operation is based on the piezoelectric phenomenon and the fact that motion is produced by the ultrasonic vibration of a piezoelectric ceramic when high-frequency voltage is applied. They are suitable for MRI applications because they are magnetically immune and they do not produce any magnetic fields either. Relevant MR-compatibility tests were performed by Chinzei et al. (86) to examine the effect of the motor on the images for different operating conditions and distances from the isocenter of the scanner. Ultrasonic motors are bidirectional with a high torque-to-weight ratio, small size, and compact shape. A special feature of the USM is their high breaking torque, which allows a robotic system to maintain its current position and support its own weight when not actuated. However, this can also be considered a drawback given that the joints of the actuated device cannot be moved manually if necessary, for example, in the case of a medical emergency or failure of the actuation system. A solution to this problem is the use of mechanical clutches that disengage the motor from the rest of the motion system, an approach implemented by Chinzei & Miller (10) and Koseki et al. (15) .
Many types of actuators are only MR compatible when they are away from the imaging area, such as the commercially available USM. To address the compatibility issue in most systems using this form of actuation, the motors remain outside the scanner and a motion transmission system is used to transfer the motion to the distant actuated points. Remote actuation can be implemented using drive shafts, belt or chain drive systems, cable-driven systems, linkages, etc. Performance limitations are typically associated with robotic/mechatronic systems with remotely actuated joints that are known to suffer from joint flexibility, backlash, and friction, as demonstrated in Christoforou & Tsekos (98) . Examples of remotely actuated MR-compatible manipulators can be found in the literature (8, 15, 25, 53) and are discussed in more detail in the following sections.
MR-Compatible Sensors
The safe and accurate operation of any robotic/mechatronic device, including those for MRI applications, requires the use of position and/or force feedback signals for closed-loop control. In this section, we review sensors that have been used in MRcompatible systems.
A charge-coupled device (CCD) laser micrometer system was implemented by Koseki et al. (99) and used for testing the positioning repeatability of a MR-compatible manipulator inside the scanner. Custom-designed incremental encoders for translational as well as rotational measurements have been proposed, which use glass grating patterns for counting motion and fiber-optic cables for the transfer of signals to the remotely placed optical components and circuitry (8) . Innomedic (Herxheim, Germany) has developed both rotary and linear optical encoders based on fiber-optic technology.
A six-axis force sensor for MRI applications was developed by Takahashi et al. (100) using fiber optic components and a similar sensor was also used on a MR-compatible haptic device presented by Gassert et al. (101) . In both cases, light was transmitted through a fiber cable to the remotely located, MR-compatible part of the sensor and continued through a returning cable. A physical displacement of the sensing element owing to the applied force affected the passage of the light between the two cables. By measuring the intensity of the returning light the size of the applied force can be derived. Another example is the force sensor based on optical micrometry developed and tested by Tada & Kanade (102) . Several papers have reported the use of load cells within a MR environment (68, 95, 103) . These sensors are made of conductive materials, such as aluminum, and require a small size, appropriately positioned relative to the imaged area, and MR compatibility testing.
A sensing issue related to MR image guidance of interventional procedures is the visualization and tracking of interventional devices and tools, which in general are made of MR inert materials and are invisible in the images. Localization and tracking of the manipulator should be available when the device is both idle and in motion, the latter requiring fast measurements. A solution for the localization of devices inside a MR scanner is based on active MR-visible markers. These markers are small containers filled with MR contrast agents and surrounded by a miniature RF antenna that is connected to one of the data acquisition channels of the scanner dedicated to this marker (13, 104) . Projection imaging can then be performed, which allows for fast spatial localization of the markers (105) . With the use of dedicated channels per antenna, their position can be determined in space fast and as reliably as allowed by the inherent limitations of the MR scanner technology (i.e., linearity of the magnetic field gradients).
Testing the MR Compatibility of Mechatronic Systems
Studies of the MR compatibility of robotic/mechatronic devices entail the investigation of their presence and/or operation on the MR images. These studies assess global and local susceptibility effects, secondary to eddy-currents on conductive components and impurities, and the possible image quality deterioration owing to the powering of electronics and the operation of the device actuators. In general, different imaging pulse sequences and protocols have different degrees of sensitivity to the sources of such artifacts (8, 10, 86, 106) . Therefore, such studies usually evaluate spin-echo-based sequences, such as the conventional spin-echo and the turbo spin-echo or half-Fourier turbo spin-echo HASTE, as well as gradient-echo-based ones, such as the standard gradient recalled echo (GRE) and true fast imaging with steady precession (TrueFISP).
Quantitative measurements include the linewidth of the proton signal from simple single-pulse acquisitions (8, 86) and the SNR as well as the contrast-to-noise ratio (CNR) from images. The image quality is assessed primarily by measuring the SNR and, to a lesser degree, by the CNR of regions of interest (ROI) traced on the MR images. To assess the different sources of image artifacts, MR compatibility tests most often entail studying the effect of the robotic/mechatronic device on the MR images collected at four conditions. (a) The device is not present, which corresponds to the reference condition versus which the others are compared. (b) The device is in place but not powered. This condition is used for the investigation of the effects of the passive presence of the device in regard to image artifacts originating from eddycurrents on conductive material and bulk or local susceptibility effects, and secondary to the presence of small ferromagnetic parts and/or impurities in the construction materials. (c) The device is in place, the electronics are powered but the device is not actuated. This condition is used for the assessment of the effect of RF emissions from the electronic component of the device that may reside inside the scanner room to the MR images. Such components can be power supplies, motor drivers, or other electronic devices. (d) The device is in place, the electronics are powered, and the device is actuated. This condition is investigated to evaluate the effect of the operation of the device. It should be noted that, even when ignoring the operation of the motors, when the electronics are activated they may produce different RF emissions as compared to when they are just powered on.
The degree of image deterioration depends on the type of actuators, the associated electronics, and their shielding. Compatibility tests of most manipulation systems actuated using piezoelectric actuators have consistently demonstrated signal intensity artifacts and deterioration of the SNR at the aforementioned conditions (c) and (d ). In Tsekos et al. (53) , based on these findings the motor drivers were enclosed inside a Faraday cage, the cables were shielded using aluminum sheath, and the relevant problems were considerably eliminated. In addition to experimental evaluation of the MR compatibility of robotic manipulators, the use of numerical simulations for predicting the MR compatibility characteristics of objects was proposed by Chinzei (107) and simulation results were compared with experimental ones.
MR-COMPATIBLE ROBOTIC AND MECHATRONIC SYSTEMS
Research and Development in MR-Compatible Interventional Robotic Systems
Over the past decade, several groups worldwide have developed MR-compatible interventional robotic systems. These works demonstrated the feasibility as well as the challenges associated with the development of such devices. Anatomy-specific systems have been introduced for MR-guided procedures in the brain (18) , breast (14, 17, 25) , and prostate (16, 22, 23) . Purpose-specific systems include a robot for MR-guided endoscope manipulation (15) and a needle-guiding robot for MR-guided microwave thermotherapy (12) . Two devices were also introduced as general purpose systems, designed for access to the upper part of the body (13, 53) . A scanner-specific general purpose system was also introduced to exploit the vertical gap of the double-donut MR scanner (8) . These systems use different kinematic structures and actuation mechanisms depending on the targeted applications and the available space in the scanner.
One of the pioneering works in the field of MR-compatible interventional robotics is that of Masamune et al. (18) , who developed a MR-compatible manipulator dedicated to neurosurgical applications. The device was designed to be mounted on the patient couch and above the head of the subject, providing six DOF for MRguided stereotactic needle biopsies. The frame of the system was primarily made of the MR-inert polyethylene terephthalate, incorporated a small number of nonmagnetic metallic small-sized parts and it was actuated with ultrasonic motors. This work assessed the mechanical properties, MR compatibility, and operational accuracy of the system. It also provided the first insights into the challenges associated with MR-compatible mechatronics. Specifically, even though polyethylene terephthalate was proved a suitable construction material in regard to MR compatibility, its rather low structural stiffness was found unsuitable for the effective manipulation of heavy interventional instruments. Systematic assessment of the mechanical errors associated with each DOF, as well as investigation of MR-guided targeting on phantoms, demonstrated an overall positioning accuracy of less than 3 mm. MR-compatibility studies in a 0.5 Tesla scanner revealed that when actuated, the ultrasonic motors substantially deteriorated the image quality and it was required to power off the motor drivers during MR scanning.
A MR-compatible robotic system specifically designed for operation inside the vertical gap of the 0.5 Tesla double-donut MR scanner was presented by Chinzei et al. (8, 10) . The design of the system is optimized for assisting an interventionalist who stands in the limited space between the two magnets. Its end-effector is linked to two long members, which are rigidly attached to a remotely located motion mechanism, mounted on a supporting structure located above the scanner. The end-effector of the system allows the positioning of an axisymmetric tool using the available five DOF, which are actuated with ultrasonic motors. With only the two long and slim members entering the area between the two pieces of the magnet, this configuration results in minimal occupancy in the already limited workspace of the surgeon. In addition, placing the actuators and the motion mechanism away from the sensitive area of the imager contributes to its overall good MR compatibility.
A robotic system was developed by Koseki et al. (15) dedicated to MR-guided manipulation of endoscopes for use in transnasal neurosurgical procedures. This four-DOF device was specifically designed for use with open MR scanners and it took advantage of the available horizontal space between the vertical poles of such scanners. The kinematic structure of this robot incorporates a five-bar linkage mechanism for the transfer of motion to the remotely actuated joints. Like most of the MR-compatible devices, the system is driven by ultrasonic motors. To improve structural stiffness as well as reduce the construction cost, the system also includes MRincompatible materials. However, their size and location in relation to the imaging volume of the scanner were carefully considered to achieve MR compatibility. In this work, the accuracy, repeatability, and stiffness of the prototype system were examined experimentally. MR-compatibility studies inside a 0.3 Tesla open scanner confirmed that the scanner had no effect on the operation of the robotic system, and SNR phantom studies demonstrated that the presence of the manipulator had little effect on the image quality. However, the operation of the ultrasonic motors was found to cause considerable noise in the images and the manipulator was not actuated during MR imaging.
A MR-compatible device for image-guided biopsy and therapeutic procedures in the prostate was developed by Susil et al. (22, 23) and further improved by Krieger et al. (16) (Figures 2 and 3) . The system is manually positioned and actuated and its compact size, which originated from its anatomy-specific design, allows its use in both open and cylindrical high-field MRI scanners. The device was mainly constructed of plastic materials, while metallic small parts were kept to a minimum. To facilitate MR guidance, the system incorporates active fiducial markers made of small RF coils placed at known areas of the device. Connected to dedicated channels of the MR scanner, these coils allow for MR-based tracking of the device position and guidance of the procedure. Its accuracy and operation were investigated with in vitro and in vivo studies on a canine model, which demonstrated accuracy in placing a needle within 2 mm of the desired target lesion. The device is one of the few that have been tested on humans in a 1.5 Tesla cylindrical scanner (22) . Testing of that system also included intraprostatic injections using MR contrast agent as well as image-guided brachytherapy seed placement. A robot specifically developed for MR-guided microwave thermotherapy of liver tumors was presented by Hata et al. (12) . The design of the device is based on a remote center of motion approach and was controlled in a semiactive manner. Specifically, it consists of a three-DOF Cartesian stage, which is activated with ultrasonic motors and a passive end-effector with two unconstrained rotational DOF monitored by MR-compatible sensors. After the target is identified from MR images, the interventionalist manually adjusts the orientation of the needle insertion path. At the same time, the Cartesian stage maintains the remote center of motion at the predefined tumor site. The main structure is made of aluminum and is installed on the side of the patient couch so that it does not interfere with the operation of the interventionalist. Targeting accuracy, as well as MR compatibility tests, was performed inside a lowfield 0.5 Tesla scanner on a phantom. The testing confirmed that the presence of the robot next to the scanner had little effect on the quality of the images. However, when one or more motors were actuated, considerable noise was induced on the MR images.
ROBITOM, the first MR-compatible robotic system dedicated to MR-guided breast biopsies, was presented by Kaiser et al. (14) . The system, which was specifically designed to use the cylindrical space inside a closed scanner, consists of a MRcompatible plastic rack that hosts two piezoelectric motors that drive an extension arm along two Cartesian directions. The distal end of the extension arm, which faces the patient, carries a tilting housing that can be loaded with different instrument adapters for different applications, such as delivery of local anesthesia, performance of skin incision, and insertion of a trocar. In this system, the patients are placed in the prone position on a specially designed support device that is mounted on the patient couch and provides plates for the fixation and moderate compression of the breasts. A patient study using this device inside a 1.5 Tesla scanner was presented by Pfleiderer et al. (21) . In response to the results of those studies, a second prototype, the ROBITOM II, was presented in Pfleiderer et al. (20) . The latest version avoids the problem of lesion shifting and target missing observed at the first version of the system owing to the slow insertion of the trocar into the breast. In the new system, a high-speed trocar unit was implemented. This latest version was also equipped with a dedicated double breast biopsy coil, which allows better imaging and access to the breasts to facilitate interventions. In vitro phantom experiments inside a 1.5 Tesla scanner were used to assess the precision of the device, and in vivo human tests inside a cylindrical scanner resulted to the successful harvest of biopsy specimens.
Another breast-dedicated MR-compatible robotic system was developed by Tsekos et al. (25) and further improved by Larson et al. (17) for biopsies and breast conserving therapies of breast cancer. Compared with previous designs (14) , the system allows access to the breast from any desired orientation. This is achieved by incorporating an actuated rotating base with two compression plates, which allows setting the orientation of breast compression and thus one of axes of insertion. The device has five DOF remotely actuated with ultrasonic motors and a motion transmission system consisting of shafts and universal joints. This system is used to set the degree of compression, the insertion path, and the depth of insertion of an interventional probe. Experimental studies on breast phantoms demonstrated the procedure of MR-guided compression, stabilization, and needle insertion. These studies were performed at 4.0 Tesla, the strongest field at which MR robotic devices have been tested so far.
Recently, Tajima et al. (24) introduced the first MR robotic system that incorporates two six-DOF robotic manipulators. This unique prototype master-slave system is designed for use with the all-around open scanners. Each manipulator has three translational DOF that are located on its base and three DOF on its arm component, which approaches the surgical site inside the scanner. The base of the manipulator is primarily made of aluminum and the arm of plastic materials. The presented studies included assessment of its manipulability as well as its MR compatibility by performing SNR studies on a phantom placed inside the head coil of a 0.3 open scanner. With the manipulator touching the phantom, a slight artifact and minor effect on the image were observed, as well as approximately 10% reduction in SNR when the manipulator was in motion.
The only currently commercially available MR-compatible interventional robotic system is InnoMotion TM (Innomedic GmbH, Herxheim, Germany) (Figures 4 and  5) . The system is a robotic arm that can assist in percutaneous interventions inside MR scanners. It has six DOF and was developed for a variety of applications, including spinal procedures for pain therapy, tumor therapy, and biopsies. The system is mounted on the patient couch and moves along an arc-shaped support base. Its actuation was based on specially developed pneumatic actuators. This system was used by Bock et al. (13, 104) who presented an animal study on image-guided targeting with a needle inside a 1.5 Tesla cylindrical MR scanner.
Another general purpose MR-compatible interventional system was recently developed by Tsekos et al. (53) deployed inside the scanner. The arm has three rotational DOF and a linear one for the insertion of interventional tools. For MR compatibility, actuators are placed at the proximal end of the arm, i.e., outside the scanner, and motion is transferred to the distant joints using a system of drive shafts and universal joints for the through-joint transmission (98) . MR-compatibility studies included the assessment of the SNR and CNR of MR images on phantoms and in vivo inside a 1.5 Tesla cylindrical scanner. The phantom studies demonstrated that the noise induced by the operation of the ultrasonic motors can be substantially reduced by enclosing the electronics inside a Faraday cage and shielding the wires. In vivo studies on animals demonstrated that the SNR and CNR were sufficient for in vivo real-time MRI guidance even while the robotic device is in motion.
Research and Development in MR-Compatible Rehabilitation Robotic Devices
Within the past 5 years, several groups worldwide have proposed different robotic/mechatronic systems for fMRI studies in neuroscience or aided rehabilitation. These systems can be categorized in three different groups: (a) force or/and motion measuring systems, (b) tactile stimulators, and (c) computer-controlled force generating systems. In most systems, actuation and control takes place outside the MR scanning room and the energy is transferred to the subject placed inside the scanner room via different mechanical transmissions, such as pneumatic, hydraulic, or mechanical (pulleys and ropes, etc.). These systems are usually complex and suffer from long transmission lines accompanied by dissipative and delay effects. To avoid these problems, some groups have developed systems where the actuators are located directly at the end-effector inside the scanner room. All these works demonstrated the feasibility as well as the challenges associated with the development of fMRI compatible devices.
Different groups have developed fMRI-compatible force sensing systems to quantify forces exerted by subjects in their upper extremities for motor function studies. Liu et al. (70) presented a fMRI-compatible system that was designed to measure hand grip force and surface electromyograms (EMGs) of finger flexor and extensor muscles. The force measurement system consists of a handgrip device, a pressure transducer, nylon tube, and a water reservoir. The grip force applied to a hand grip device is transmitted to a pressure transducer, which is placed outside the scanner room by a water-filled nylon tube. The quality of the fMRI brain images was maintained while using the device in a 1.5 Tesla MR scanner. A custom MR-compatible dynamometer that quantifies hand grip force during fMRI testing was used by Cramer et al. (68) . The grip dynamometer consists of a force transducer that is fitted into plastic handles. The transducer was held in the palm, with squeezing performed by four fingers on the top handle of the transducer and the thumb on the bottom handle. The device was used in a 3 Tesla MR scanner, allowing for brain activation patterns to be quantified at varying effort levels. A fMRI-compatible wrist device that measures isometric forces and joint moments generated at the wrist was presented by Hidler et al. (69, 103) to study mechanisms of neural recovery following neurological injuries. The device consists of a six-axis load cell, which measures the forces and moments exerted by test subjects on a handle. The load cell and handle are mounted on a wedge and the elbow is flexed slightly during testing to improve comfort. Four padded, adjustable bumpers are used to stabilize the forearm during testing and isolate the brain activation areas that are responsible for activating the wrist muscles (Figure 7 ). The device was tested in a 3 Tesla MR scanner and did not introduce noise or movement artifacts in the fMRI data and was not influenced by the magnetic fields. A MR-compatible finger motion sensing device for measuring angular velocity of one segment of each of the 10 fingers during fMRI was presented by Schaechter (71) . The device uses microelectromechanical system (MEMS) sensors that are secured to the wrist by a Velcro watchband. The use of the device in a 3 Tesla MR scanner did not cause artifacts and the environment did not interfere with the finger motion measurements.
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In most of the experiments conducted to date, manually controlled tactile perception tasks, such as tactile objection recognition, have been performed (108, 109) . However, such setups have the disadvantage of being static during the acquisition time, and thus no interactive changes or vibrating stimuli can be applied. The demand for a dedicated device to deliver distinct, reproducible, and passive tactile stimuli in a fMRI environment gave rise to recent developments on this issue. Several groups have developed vibrotactile stimulators for fMRI experiments. A fMRIcompatible piezoceramic vibrotactile stimulator was presented by Harrington et al. (73) . Piezoceramics are nonmagnetic materials that can produce displacements under applied voltage. The vibrotactile stimulator consists of a piezoceramic wafer and a power source to apply a square wave signal to create an abrupt voltage change that causes more distinct mechanical displacements in the wafer. The vibrotactile stimulator was used inside a 1.5 Tesla MR scanner and did not create any artifact to the images.
A fMRI-compatible magnetomechanical vibrotactile device was proposed by Graham et al. (72) for the investigation of somatosensory neuronal activation. The device utilizes the magnetic field of the MRI scanner to produce a mechanical force. The resulting Lorentz forces can be oriented to generate large vibrations that are easily converted to translational motions. fMRI experiments were conducted using a 1.5 Tesla MR scanner. Usage of the device did not generate any noise to the fMRI images.
A vibrotactile stimulator was presented by Golaszewski et al. (110) to map the cortical areas that show activation during a vibration paradigm in fMRI studies. The vibrotactile consists of a direct current (DC) motor, flexible shaft, and a vibration head. The DC motor is placed outside the MR room and is connected to the vibration head with a flexible shaft. The vibration head contains a gear-driven excenter and can be affixed to various regions of human body. The device was tested inside a 1.5 Tesla scanner and did not interfere with fMRI images. A fMRI-compatible pneumatic vibration device was reported by Golaszewski et al. (111) . The vibration device consists of a dual membrane pump that is driven by a DC motor. The oscillating air pressure is controlled with a commercially available blood pressure cuff. The vibration amplitude can be selected and controlled with a pneumatic by-pass line. The vibration device produces oscillating air that is transferred into the magnet room via plastic tubes to the vibration head. The vibration head is a latex tube, which can be affixed to the patient with Velcro straps. All experiments were performed with a 1.5 Tesla MR-scanner and showed that the device does not interfere with fMRI images.
A pneumatic vibrotactile stimulation device for fMRI experiments was reported by Briggs et al. (112) . The tactor consists of a latex rubber diaphragm mounted on a semirigid plastic holder. A plastic tube delivers pulses of pressurized air from the manifold in the control box containing solenoid valves that control the airflow to the tactors. The vibrotactile stimulator was used in a 3 Tesla MR scanner and did not produce any artifact in fMRI images.
A fMRI-compatible, pneumatically driven tactile device was presented by Zappe et al. (74) . The device establishes tactile contact with the skin by a compressed airdriven piston (Figure 8 ). An electropneumatic interface located several meters away from the center of the magnet regulates the pressure timing. The compressor that provides the required working pressure is placed outside of the MR room. The device is capable of stimulating the skin using arbitrary time sequences that consist of 2-D tactile images. The device was tested in a 2 Tesla MR scanner and operates without generating artifacts.
Actuated robotic systems have been used to investigate motor control. Robotic/mechatronic interfaces can dynamically interact with humans, deliver forces, and perform movements to study neuromuscular response. A robotic/mechatronic interface in conjunction with fMRI would enable neuroscientists to view and investigate the brain mechanisms involved in performing tasks under variable dynamic environments and to investigate the neural basis of motor control. A fMRI-compatible one-DOF haptic interface for wrist motion was presented by Moser et al. (90) and further improved by Gassert et al. (101) to investigate the brain mechanisms of human motor control. This system consists of a master part and a slave part linked over a hydrostatic transmission (Figure 9 is placed outside the scanner room and drives the master piston via a transmission stage and a belt and pulley mechanism. The master cylinder is connected to a MRcompatible slave cylinder, which is placed inside the MR scanner via 10 m of flexible hydraulic conducts to transmit force and motion of the actuator. An optical force sensor, based on reflected light intensity measurement over optical fibers, is used to measure interaction forces with the human subject (113) . The MR-compatibility tests were performed inside a 1.5 Tesla scanner. Using similar actuation and force-sensing principle, Gassert et al. (66) presented a two-DOF haptic interface to investigate the neural control of multijoint arm movements. fMRI compatibility was demonstrated through phantom tests as well as a functional study with a human subject. A MR-compatible, computer-controlled, variable-resistance hand device with one DOF was proposed by for fMRI studies of motor control. A novel feature of the device is the use of ERFs to achieve resistive force generation. ERFs are fluids that experience dramatic changes in rheological properties, such as viscosity or yield stress, in the presence of an electric field. The first prototype is designed and utilizing an ERF rotary brake with pincer handle motion and consists of four major subsystems: (a) an ERF rotary brake; (b) a gearbox; (c) handles; and (d) two sensors, one optical encoder, and one force sensor (aluminum strain gauge type) to measure the patient induced motion and force (Figure 10) . The second prototype is utilizing an ERF linear damper with linear handle motion and also includes two sensors for linear position and force measurements (Figure 11) . The device is designed to resist up to 50% of the maximum level of gripping force of a human hand and be controlled in real time. The device was tested inside a 3 Tesla MR MR-compatible hand-rehabilitation device with pincer handle motion and rotary ERF brake.
scanner. Detailed testing demonstrates that there is neither an effect from the MR environment on the ERF properties and performance of the device nor significant degradation on MR images by the introduction of the device in the MR scanner. A MR-compatible, one-DOF haptic interface device for fMRI studies was presented by Riener et al. (64) . The device uses two coils that produce a Lorentz force induced by the large static magnetic field of the MR scanner, which are mounted on a movable axis (Figure 12 ). An optical encoder and a force sensor are integrated with a handle. To increase the resolution of the angular measurements, rotational movements of the handle are converted to the encoder via a small gear transmission. The force sensor is comprised of three optical fibers, two fibers measure the light intensities emitted by one opposing fiber. To make the system less sensitive to diffused light and absorption within the fibers, the force is determined by relative rather than absolute intensity changes. The device could interact with the user and cause isometric, active, or passive interactions depending on the controller. The device was tested in a 3 Tesla scanner and with a constant current flow below 1A. There were no electromagnetic interferences that affected the MR image quality.
A fMRI-compatible parallel link manipulandum was presented by Diedrichsen et al. (65) to study brain regions involved in processing reach errors. The manipulandum allows free 2-D movements in horizontal plane and is capable of applying force to the hand. The robotic system uses two-way, air-driven cylinders that house pistons, servo valves, and linkages. Forces are applied via air pistons supplied with an air pressure of 100 psi from a compressor outside the MR room. The force produced by the pistons is bidirectional. This force is transmitted to the joint of the robot through a linkage (Figure 13 robot's links. The device was utilized in a 3 Tesla MR scanner and pilot functional studies were performed on human subjects. A fMRI-compatible manipulandum system for finger movements was presented by Izawa et al. (67) to investigate the neural correlates for motor control. The system is composed of a two-DOF parallel link arm actuated by two ultrasonic motors equipped with rotary encoders. Two ultrasonic motors align vertically to the parallel links arm. Motors connect to the links directly to drive the links without a gearbox. The manipulandum produced the target force that is computed from impedance control to make the subject feel the virtual impedance in his/her finger. The force of the tip of the manipulandum is determined by the torques of ultrasonic motors. The subjects manipulate the end-effector of the maniulandum by the index finger. The device was installed inside a 1.5 Tesla MR scanner and it was shown that the device did not interfere with the fMRI scanner and was suitable to use in fMRI studies.
A fMRI-compatible virtual reality system that included a data glove equipped with tactile feedback was developed in References 114 and 115 for fMRI investigations of the somatosensory system. The data glove is composed of position-tracking sensors that were mounted on the hand and a vibrotactile device that was attached to the distal, palmer surface of the index finger. Shape Tape TM (Measured Inc.), an array of fiber-optic bend-and-twist sensors mounted on a flexible ribbon, is used for tracking the hand position and posture. The tape is mounted with Velcro straps along the index finger and thumb of the data glove. This allows simple pointing and pinching motions to be captured and translated to movements on a computer display. A small magnetomechanical vibrotactile device, which uses the scanner's large static magnetic field to present controlled, reproducible somatosensory stimuli, is mounted underneath the Velcro strap on the index finger of the data glove. The virtual environment (VE) consists of a virtual block and a detailed graphical representation of the subject's virtual hand. fMRI experiments were performed inside a 3 Tesla MR scanner and the tactile data glove was found to be MR compatible and did not introduce any signal intensity artifacts or noise increases during functional scanning.
A MR-compatible stationary cycle was presented by Cheng et al. (116) for flow quantification in large arteries during lower limb exercise inside a 0.5 Tesla open magnet. The cycle consists of six major parts: (a) a crank tower that pivots around the flywheel center through a range of angles and can be locked in place with quickrelease clamps; (b) a power transmission system that comprises a crank sprocket, a smaller flywheel sprocket, and a belt that connects tow sprockets; (c) a freewheel mechanism that transmits torque to the flywheel when the cycle is driven forward and allows freewheeling when the cycle is driven backward or the subject stops paddling; (d ) frictional torque generation, which comprises a pendulum whose deflection corresponds to the flywheel friction force and can be preadjusted for a higher load work; (e) supports and guide rails that provide stability for the cycle during exercise; and ( f ) a light sensor that measures the angular speed of the flywheel and therefore instantaneous workload. The system was capable of producing smooth, repeatable lower limb exercise while phase contrast MRI was performed in the abdominal aorta, and image artifact was not observed.
Procedure Planning and Guidance of MR-Compatible Interventional Robotic Systems
Performance of IGI with MR-compatible manipulators is often based on a stereotactic semiautomated approach, which entails the inspection of preoperative MR images to prescribe a path for the insertion of the interventional tool. In a stereotactic approach, the operator can do all planning using preoperative images combined with anatomical maps and other patient-specific information. The robotic system can then execute the preprogrammed tasks while the operator monitors the procedure and intervenes if necessary. In a needle-targeting procedure, for example, an image-guided biopsy or an ablation, the operator can examine a set of 2-D or 3-D images and define the insertion point as well as the target, i.e., define the insertion vector ( Figure 5 ). The robotic system can then solve the inverse kinematics problem and automatically align its end-effector with the desired insertion vector. This option is available on the InnoMotion TM system, and another implementation example can be found in Ozcan et al. (19) . The success of this stereotactic method depends on the accurate registration of the patient and the robotic system to the MRI scanner's reference frame. The registration procedure can be performed using localization of special markers placed at known locations of the manipulation system (11, 53) .
An alternative to the stereotactic planning and semiautomated control is one based on a "freehand" interactive control of the manipulator. Direct control is a method used in robotic surgeries (e.g., 117, 118) . Such an approach becomes more relevant in MRI with the advent of new technical advancements. State-of-the-art MRI scanners allow the adjustment of imaging parameters on the fly from an external source of instructions. This capability allows almost instantaneous adjustment of parameters, such as the number, position, and orientation of the imaging slice(s) or volume, as well as the type of contrast of the collection pulse sequence. This offers a new opportunity in visualizing and even planning a procedure. Recently, Christoforou et al. (11) demonstrated the integration of a MR-compatible robotic device with a MRI scanner in a way that the transient position of the robot is sent to the MRI, which, in turn, adjusts the position and orientation of the imaging plane to always visualize the end-effector of the system. In this work, using manual control either with a graphics user interface or a manual control handle, the MRI scanner "followed" the motion of the manipulator providing a "manipulator-driven" approach. The ability for manin-the-loop direct control of the interventional tool combined with the on-the-fly update of the imaging plane corroborate to a simple and intuitive image guidance in a way similar to this with the gold-standard ultrasound-guided interventions IGI or with endoscopy-based surgical robots (e.g., 117, 118). The manipulator-driven real-time imaging provides for scouting the subject, identifying a target, and setting the path of the interventional tool to clear for obstacles and align it to the target. Man-in-the-loop image-guided control may also provide the means of practice for compensation of needle bending, a major source of error observed in previous studies with MR-compatible systems (21) (22) (23) , because the operator can use dynamic imaging to appropriately react and correct the bending. The feature of having the tool always at the same position and orientation relative to the field of view (FOV) provides a straight-forward way of directing the tool, while a simple software routine can place a line-of-sight on any frame without any special image processing.
DISCUSSION
MR-compatible mechatronics is an emerging and exciting field in biomedical engineering that uses multidisciplinary expertise from a wide range of engineering, basic science, and clinical fields. The literature includes several MR-compatible robotic devices developed during the past decade, since the first work by Masamune et al. (18) . The presented systems include a wide variety of kinematic structures, methods of actuation and transmission, and utilization purpose representative to the needs and challenges of the field. Anatomy-specific systems include devices especially designed to conform to the specific anatomical needs for interventions in the brain (18) , breast (14, 17, 25) , and prostate (16, 22, 23) . Purpose-specific devices include a system for MR-guided endoscope manipulation (15) and hepatic ablations (12) , and also include a stationery cycle for flow quantification in large arteries during lower limb exercise (116) . Another example is a magnet-specific system for use with the double-donut
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MR scanner (8) . Two devices were also introduced as general purpose systems (13, 53) . Functional brain imaging-specific systems for fMRI studies in neuroscience and neuron rehabilitation include devices designed to measure forces exerted by subjects in their limb (68, 70, 103) , tactile stimulators to produce somatonsensory cortex activation (72) (73) (74) (110) (111) (112) , and computer-controlled force-generating systems to investigate the neural correlates for motor control under variable dynamic environment (64-66, 90, 95, 96, 101) .
From the standpoint of clinical practice, there are several reasons why MRcompatible interventional robotic systems would be desirable. First, interventional procedures could be performed with excellent contrast visualization not only of the target tissue but of the neighboring tissues and along the trajectory of the interventional tool. This is potentially a great advantage, as the trajectory of the tool may need to be adjusted so as to avoid passing through other organs where injury can be inflicted, such as blood vessels, isolated nerves or nerve plexuses, or solid organs, for example, the kidneys (11, 13, 16, 17) . In addition, in the case of procedures where an injection is to be made in a certain area of the body, the spread of the injected liquid could be visualized with the technology (13, 119) . Targeting of the tool by a mechanical system can potentially be more accurate and smooth compared with needle movement by the human hand. However, this may not necessarily be an advantage at the phase of insertion, as sometimes a clinician's experience in doing certain procedures is invaluable and the intuitive perception or "feel" that often guides clinicians may not be reproducible by a motorized system. Finally, the use of MRI technology confers, in addition to excellent oblique 3-D or multislice visualization and localization, the advantage that there is no radiation exposure for the patient or the physician. Therefore, even though MR-compatible interventional systems are not proven yet, it is worthwhile pursuing further development in this area as the potential benefits can be substantial.
fMRI-compatible robotic/mechatronic systems have several advantages in a clinical setting. First, these systems are equipped with linear/angular position encoders and force/torque sensors to produce a record of motor output during fMRI that are useful for postimaging analysis of motor performance. Measuring the force of movement offers certain advantages, such as enabling a direct comparison between force exerted and features of brain activation. Careful monitoring of subject performance during brain mapping is important in studies of brain functions and plasticity and may have particular importance in patients with stroke, multiple sclerosis, and other neurological disorders. In addition, these systems can dynamically interact with humans and deliver distinct, accurate, and reproducible tactile stimuli, movements, and forces to the human body. Interactive changes can be applied by computer controls and the corresponding brain activities can be located by fMRI. Finally, using fMRI and robotic devices during rehabilitation could provide a better understanding of brain function, pathological analysis, and regeneration process in nerve lesion, which can assist in the development of optimal rehabilitation devices and exercise protocols.
Looking toward the future of MR-compatible robotic systems in IGI and rehabilitation there are several issues that need to be addressed. The most critical one is that of the clinical merit of this technology. The development of these systems was primarily driven by the desire to utilize the high-quality diagnostic information offered by MRI to guided biopsies and therapeutic interventions, as well as to address the limited accessibility in high-field MR scanners. Although both of those reasons are, in principal, clinically meritorious, they are rather general objectives. However, the clinical merit of this technology can only be verified within the realm of daily practice. Although technical challenges are still to be addressed with optimal methods, the technical feasibility of such devices has been proven. Identification of clinically viable applications for MR-compatible interventional robotic systems has already started with clinical studies in the breast (20, 21) , spine (13, 104) , and prostate (16, 22) . In addition, fMRI-compatible robotic devices have already found their place in clinical studies of stroke patients (68) . Considering the clinical merit of this technology, an important factor that is not often considered during the initial phases of technical feasibility and demonstration is cost. The financial aspect encompasses different levels from the acquisition of a system, training of personnel, maintenance, and operation. The high cost of MRI scanners adds two parameters that need to be considered when developing such systems: ease of installing the system and duration of the procedure.
Technical challenges are obvious, and we believe that as more groups are involved in the field not only will they be addressed but may result in new concepts. One important technical challenge is the development of "true" MRI compatible actuators. Along this line is the recent development of a pneumatic actuator that is based on the step-motor operation principle that provides very high resolution (91, 92) . Such motors belong to a new generation of actuators that can operate inside the MR scanner and thus eliminate or reduce the need for remote transmission and the associated mechanical complexity and errors (98) . Another aspect that requires further investigation concerns the construction materials. New materials, most probably composites, that are MR inert and have appropriate mechanical properties are in need. Always having the end-user as the primary determinant of a design, an additional aspect that needs careful evaluation is the human machine interface.
Another aspect of this technology is the appropriate integration of the imaging modality with the operation and control of the device. Stereotactic approaches can take advantage of the fact that MRI offers unparallel 3-D and multislice capabilities and a wide range of contrast mechanisms. However, too much information may not serve in favor of planning and guiding a procedure because it may increase the work load of the operator beyond that necessary. Therefore, together with the development of the mechatronic technology, it is important to expand research in the imaging protocols needed for assessing the pathophysiology of the targeted tissue; image processing and display need to be incorporated in the control software to simplify rather than perplex the workload of the operator. Previous studies have illustrated that MRI with different contrast can be segmented and overlaid to define pathways and avoid sensitive structures (such as vessels) and healthy tissue (43) .
In conclusion, the literature in MR-compatible interventional and rehabilitation robotic systems clearly shows highly promising results. The next step is at two fronts. One is to bring this technology to the clinical practice and evaluate its clinical merit. The other is to address the technical challenges in a way that is clinically relevant.
